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Abstract

Intraepithelial lymphocytes (IELs) play a critical role in protective immune response to intestinal patho-
gens such as Eimeria, the etiologic agent of avian coccidiosis. A list of genes expressed by intestinal IELs of
Eimeria-infected chickens was compiled using the expressed sequence tag (EST) strategy. The 14,409 ESTs
consisted of 1851 clusters and 7595 singletons, which revealed 9446 unique genes in the data set. Compari-
son of the sequence data with chicken DNA sequences in GenBank identified 125 novel clones. This EST
library will provide a valuable resource for profiling global gene expression in normal and pathogen-in-
fected chickens and identifying additional unique immune-related genes.
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1. Introduction
Mucous membranes lining the gastrointestinal

tract are the major sites of entry for many infec-
tious agents. Intestinal mucosal surfaces are de-
fended against pathogens by a group of organized
gut-associated lymphoid tissues (GALT). The pri-
mary effector cells of the GALT are intraepithelial
lymphocytes (IELs) localized in the outer mucosal
epithelial layer (1). The IELs recognize and destroy
pathogens that breach the intestinal epithelium.
Chicken intestinal IELs are composed of two
phenotypically and functionally distinct sub-
populations, natural-killer (NK) cells and T-lym-
phocytes (2). Both cell types are the major effectors
against coccidia parasites, intracellular protozoa
belonging to the genus Eimeria. Avian coccidi-

osis is the most economically important disease for
the poultry industry and considerable research ef-
forts have been directed at identifying the pro-
tective immune mechanisms at the cellular and
molecular levels (1,3–7). Toward this end, cellu-
lar immunity mediated by intestinal IELs and their
cytokines have been shown to confer protective
immunity in response to Eimeria infection (3–5).
However, progress in this area has been histori-
cally slow, mainly limited by the lack of sequence
homology between mammal and avian that hin-
ders cloning and characterization of chicken im-
mune-regulated genes by classic techniques of
molecular biology (8). In an attempt to circumvent
this problem, we prepared a cDNA library from
intestinal IELs of Eimeria-infected chickens and
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used expressed sequence tag (EST) technology to
identify genes encoding proteins involved in the
protective immune response.

2. Materials and Methods
2.1. Animals, Parasites, and Experimental
Infections

Fertilized eggs of White Leghorn SC chickens
were purchased from HyVac (Adel, IA) and
hatched at the Animal and Natural Resources
Institute (Beltsville, MD). Chickens were given
unlimited access to feed and water and constant
light was provided during the entire experimental
period. Wild-type strains of E. acervulina and
E. maxima were cleaned by flotation on 5.25%
sodium hypochlorite and washed three times with
Hanks’ balanced salt solution (HBSS, Sigma, St.
Louis, MO). Chickens (N = 5) were orally in-
fected at 3 wk of age with 1 × 104 sporulated oo-
cysts and at 9 wk of age with 2 × 104 sporulated
oocysts of the homologous parasite.

2.2. Construction and Analysis of an IEL
cDNA Library

Intestinal IELs were collected from the duode-
num (for E. acervulina) or between the Meckel’s
diverticulum and the ileac region (for E. maxima)
at 4 d after primary and secondary infections as
described (9). Tissues were pooled from five chick-
ens, washed with ice-cold Ca2+- and Mg2+-free
HBSS (CMF-HBSS) containing 1 mM dithiothreitol
(DTT, Sigma), cut into 3-cm sections, and incu-
bated in CMF-HBSS containing 0.5 mM EDTA
and 5% fetal calf serum (FCS) for 20 min at 37°C
with constant swirling. Cells released into the su-
pernatant were pooled, passed through nylon
wool (Robbins Scientific, Sunnyvale, CA), and
washed twice with CMF-HBSS containing 5%
FCS. The IELs were purified on a discontinuous
Percoll density gradient (Sigma) by centrifugation
at 600g for 25 min at 24°C and washed three times
with CMF-HBSS containing 5% FCS. Cell viabil-
ity was consistently greater than 95% and lym-
phocytes were more than 80% as determined by
trypan blue dye exclusion assay. Using flow
cytometry (EPICS-XL, Coulter, Hialeah, FL),
IELs were composed of 21% CD3+, 70% CD8+,

and 9% CD4+ lymphocytes. Total RNA was isolated
using TRIzol (Life Technologies, Gaithersburg,
MD) and used for purification of mRNA, cDNA
synthesis, and library construction. We used a
proprietary nucleic acid subtraction-based approach
for normalization (Life Technologies, US Patent
No. 60/059,817) where a directionally cloned
cDNA library was depleted of its most abundant
components by self-subtracting with biotinylated
driver RNA. The cDNA inserts were directionally
cloned into the SalI/NotI sites of the pCMV-
SPORT 6 vector and transformed into Escheri-
chia coli EMDH10B. Individual clones were
picked, inoculated into 384-well plates, and cul-
tured overnight in LB broth. Polymerase chain
reaction (PCR)-based 5'-end single-pass DNA se-
quence analysis was performed as described (10)
on an ABI 3700 (Applied Biosystems, Forster City,
CA). The ESTs consisting of vector sequences, se-
quences shorter than 100 bp and ambiguous regions
were eliminated from data analysis. Sequences
greater than 100 nucleotides were compared against
GenBank using the BLASTN and BLASTX pro-
grams and deposited in the GenBank dbEST data-
base (accession numbers: CD726833–CD740810,
and CF074760–CF075157).

3. Results and Discussion
This library contained 1.87 × 107 transformants

with an average insert length of 1.72 kb (range,
0.5–3.0 kb). Individual clones (34,078) were ran-
domly picked and sequenced generating 14,409
chicken-specific ESTs that could be grouped into
9446 unique contigs. The majority of contigs
(7595; 80.4%) consisted of single ESTs and the
remaining 1851 contigs were composed of clus-
ters of two or more overlapping/identical ESTs
(average of 3.7 ESTs per cluster contig). Most
cluster contigs (1567; 84.7%) contained two to
four ESTs comprising 30.6% (4418) of the total
number of ESTs (Fig. 1). The contig average
readable sequence length was 418 bp with almost
half (45.8%) falling within the range of 400–600
bp (Fig. 2). The average sequence length per
contig was 712 bp and 71.2% (1318) of all contigs
ranged from 0.5 to 1.0 kb. The 7595 singleton
ESTs represented more than half (52.7%) of the
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Fig. 1. Prevalence distribution of the cluster size. The 14,409 ESTs were grouped into 9446 cluster contigs
consisting of 18 clusters (518 ESTs) with more than 14 ESTs, 42 clusters (502 ESTs) of 10–14 ESTs, 224 clusters
(1376 ESTs) of 5–9 ESTs, 1567 clusters (4418 ESTs) of 2–4 ESTs, and 7595 singleton sequences. Most ESTs
belonged to small-sized clusters and singletons indicating high complexity of the library.

Fig. 2. Distribution of the readable length of ESTs. A total of 14,409 ESTs were generated in the present study.
After elimination of vector and bacteria sequences and sequences shorter than 100 bases, the average of the
readable sequence lengths was 418 bp with the major fraction of ESTs between 400 and 600 bp.
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total number of ESTs. In comparison, previous
chicken cDNA libraries contained 31.4% (11) and
42.0% (12) single EST contigs. We suspect the
higher percentage of unique sequences that we
observed in our intestinal cDNA library was the
consequence of two effects, use of a normalized
cDNA library and inoculation with two Eimeria
species, thereby expanding the number of induced
immune response transcripts. However, there is a
possibility that expression of some transcripts
could have been affected by the IEL purification
process.

To identify the sequences present in our cDNA
library, we used the Basic Local Alignment Search
Tool (BLAST) program (13,14) to perform se-
quence similarity searches against the GenBank
nucleic acid sequence database. Initially, we ana-
lyzed the 18 cluster contigs containing 15 or more
ESTs (Table 1), which could be regarded as abun-
dant transcripts and therefore were most likely to
match previously described genes. This group of
contigs constituted 1.0% of the total number of
clusters and 3.6% of the total ESTs. Ten sequences
were highly similar to previously described

chicken genes. Of them, apolipoprotein AIV,
fatty acid-binding protein, acid ribosomal phos-
phoprotein, α-tublin, GAPDH, and ferritin heavy
chain are highly expressed in other chicken tis-
sues (11,15). Six contigs were similar to genes
from other organisms (NK-lysin, ATP synthase
beta-subunit, interferon regulatory factor 6, 34/67
kDa laminin receptor, actin-related protein 2/3
complex, subunit 1B, and Na+-dependent nucleo-
side transporter). The remaining two sequences
did not display similarities to any known genes in
the database.

Interestingly, contig171, composed of 87 ESTs,
occurred with the highest prevalence in this Eime-
ria-induced intestinal cDNA library. By BLAST
searching, this gene was weakly similar to NK-
lysin or granulysin (BLASTX score = 45) of pig,
horse, and human origins. Sequence analysis in-
dicated that contig171 contains a 420-bp open
reading frame predicted to encode a protein of 140
amino acids with molecular mass of 15.2 kDa
with SapB domain (E-value = 6.15–14). This indi-
cated that contig171 is the avian homolog of NK-
lysin. Low levels of NK-lysin mRNA were detected

Table 1
Clusters That Contain More Than 14 ESTs

Contig ID Gene description Organism Accession No. No. of ESTs

Contig171 NK-lysin Equus caballus CD728315 87
Contig1648 Apolipoprotein AIV Gallus gallus CD731936 69
Contig42 Fatty acid binding protein Gallus gallus CD735219 51
Contig1279 Immunoglobulin α heavy chain Gallus gallus CD735924 43
Contig1234 2',5'-oligoadenylate synthetase Gallus gallus CD730844 24
Contig944 ATP synthase β-subunit Cyprinus carpio CD732620 24
Contig971 Interferon regulatory factor 6 Ovis aries CD732407 22
Contig1300 Jun-binding protein Gallus gallus CD739778 20
Contig1325 Acidic ribosomal phosphoprotein (P0) Gallus gallus CD737516 20
Contig1000 Angiotensin converting enzyme Gallus gallus CD731489 19
Contig608 α-tubulin Gallus gallus CD736033 19
Contig1524 34/67 kDa laminin receptor Cricetulus griseus CD737204 18
Contig1792 Actin related protein 2/3 complex,

subunit 1B (ARPC1B) Homo sapiens CD737537 18
Contig733 GAPDH Gallus gallus CD735039 18
Contig992 Unknown Unknown CD729072 18
Contig528 Na+-dependent nucleoside transporter Oryctolagus cuniculus CD737431 17
Contig352 Unknown Unknown CD733292 16
Contig1247 Ferritin heavy chain Gallus gallus CD740150 15
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Table 2
Gene Description of EST Clones Encoding Novel Genes

Accession No. Gene description Organism

CD738626 Cell adhesion receptor CD36 Homo sapiens
CD733649 C-C chemokine receptor type 8 Homo sapiens
CD731058 Unc-51-like kinase 1 Homo sapiens
CD728387 Death-associated protein kinase 2 Homo sapiens
CD735090 Molybdenum cofactor sulfurase Homo sapiens
CD738954 Lysosomal α-glucosidase precursor Homo sapiens
CD729517 FYVE and coiled-coil domain containing 1 Homo sapiens
CD738748 NADH-ubiquinone oxidoreductase 23 kDa subunit Homo sapiens
CD736957 Cytochrome b Homo sapiens
CD736420 Proline rich protein 2 Mus musculus
CD735751 XE7 protein Homo sapiens
CD730299 Glypican-5 precursor Homo sapiens
CD729519 Nuclear receptor ROR gamma Homo sapiens
CD727541 LPS-induced TNF-α factor Mus musculus
CD736226 Chicken interleukin-17 Gallus gallus
CD734961, CD730399, CD734119, CD728379, CD727597, CD727400, Unknown
CD731169, CD731115, CD730361, CD740652, CD740042, CD736629,
CD732509, CD728248, CD733849, CD736417, CD733039, CD732261,
CD729400, CD727352,CD739375, CD739243, CD738814, CD738713,
CD737546, CD737436, CD737265, CD737143, CD736753, CD736574,
CD735803, CD735525, CD735034, CD734634, CD734415, CD734205,
CD734174, CD731039, CD732864, CD732742, CD732533, CD732483,
CD732046, CD731574, CD731464, CD731383, CD731015, CD730413,
CD730405, CD729425, CD729336, CD729146, CD728815, CD728724,
CD727914, CD727364, CD727346, CD727325, CD727314, CD740498,
CD739797, CD739792, CD739398, CD739228, CD739207, CD738908,
CD738767, CD738387, CD737500, CD737318, CD737058, CD736502,
CD736237, CD735412, CD735331, CD735269, CD734571, CD734450,
CD734290, CD734232, CD733879, CD733169, CD732522, CD731579,
CD731230, CD731160, CD731030, CD730798, CD730781, CD730438,
CD730130, CD729847, CD729580, CD729560, CD729479, CD728607,
CD728459, CD728329, CD728298, CD727732, CD727530, CD727390,
CD727381, CD727362, CD727321, CD727277, CD727250, CD727130,
CD726977, CD726937

143_150_Lillehoj_M
B

04_0098_F
2

4/25/05, 1:37 P
M

147



148 Min et al.

MOLECULAR BIOTECHNOLOGY Volume 30, 2005

cofactor sulfurase, lysosomal alpha-glucosidase
precursor, FYVE and coiled-coil domain contain-
ing 1, NADH-ubiquinone oxidoreductase 23-kDa
subunit, cytochrome b, proline-rich protein 2,
XE7 protein, glypican-5 precursor, nuclear recep-
tor ROR γ, and LPS-induced TNF-α factor.

In conclusion, we have used single-pass se-
quencing of Eimeria-stimulated intestinal IEL
transcripts to study global gene expression profil-
ing and to identify novel immune-related genes
during avian coccidiosis. This approach led to the
identification of the complete sequences of IL-16
and IL-17. Comparison of the current IEL EST
data set with the database of Cogburn et al. (15)
revealed 125 clones encoding novel transcripts indi-
cating the existence of additional uncharacterized
genes that should prove useful for future studies
of the immune mechanisms to enteric pathogens
such as Eimeria and salmonella.
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